Abstract This study was carried out to investigate the role of rainfall in triggering ordinary earthquakes that occurred before and after the major Chi-Chi earthquake (7.2 M L ) in central Taiwan on 21 September 1999. To test a possible mechanism, earthquake activities from January 1995 to July 2012 were examined. The Chi-square (χ 2 ) test revealed a significant difference between the correlations of monthly accumulated rainfall values and earthquake activities before and after the Chi-Chi earthquake. This result is discussed in terms of changes in crustal conditions after the Chi-Chi earthquake. Two ordinary earthquakes that may have been associated with heavy rainfall after the Chi-Chi earthquake are identified.
INTRODUCTION
The topic of rainfall-induced earthquakes has been widely researched and noted. Husen et al. (2007) reported a series of 47 local earthquakes in the central Swiss Alps that occurred 3 days after record rainfall during 19-23 August 2005 . In studies conducted in Denver, Colorado, USA, liquid waste was injected into geological faults, resulting in increased seismicity at depths down to 4 or 5 km (Wang 1965 , Evans 1966 , Healy et al. 1968 , Major and Simon 1968 , Hsieh and Bredehoeft 1981 , Costain and Bollinger 2010 . Between 1962 and 1966 , researchers recorded 1500 minor earthquake events in the Denver area; the activity subsided after the injections ceased. These results indicate that the injection of large quantities of liquid into a fault plane can relieve built-up stress, potentially reducing the chance of large earthquakes occurring. Kafri and Shapira (1990) discovered that the recharge of aquifers increases the confined hydrodynamic pressure and flows along faults which act as groundwater conduits at the beginning of the rainy season. This liquid provides lubrication which decreases friction along the fault so triggering earthquakes later. In a preliminary statistical investigation, Muço (1999) Balkans, discovering that rainfall could influence trends in seismic activity. Hainzl et al. (2006) found evidence of rainfall-induced earthquake activity beneath the Hochstaufen Mountain in southern Germany. This study was carried out to investigate the role of rainfall in triggering the ordinary earthquakes that occurred before and after the major Chi-Chi earthquake (7.2 M L ) that occurred in central Taiwan on 21 September 1999. Statistical analysis was used to examine the connection between rainfall and ordinary earthquakes in Taiwan between January 1995 and July 2012 (Tables 1 and 2 ) (Bewick et al. 2004 , Lawrence et al. 2006 . We also discuss two small earthquakes which were probably triggered by rainfall over a different extended time period.
ANALYSIS METHOD
The Chi-square (χ 2 ) test was conducted to confirm the correlation between two independent data sets (same dimension), and an asymptomatic significance value (p-value) was used to determine the significant difference and strength of the relationship between the data sets when the p-value is sufficiently small, i.e. less than 0.05 (5%). For two independent data sets, the χ 2 test is computed by dividing the difference between the means of the two data sets by the standard error of the difference. The standard error of the difference is an estimate of the difference in each of two data sets, which should be identical to one another. This test is based on calculating the variance of each data set with n components (a 1 , a 2 , …, a n ) using the formula [ P n i¼1 ða i À aÞ 2 ]/ (n -1), where the denominator (n -1) and a are the degree of freedom and the mean of the data set, respectively (Bewick et al. 2004 , Lawrence et al. 2006 .
DATA ANALYSIS AND RESULTS
The χ 2 test was used to determine whether the correlations between the monthly accumulated rainfall values and the earthquake activity before (Table 1 ) and after (Table 2) the Chi-Chi earthquake differed. Using the χ 2 test, the p-value was estimated to be 1.1 × 10 −9 , i.e. less than 0.05. Therefore, there is a strong and significant difference between the two correlations. Figure 1 shows the correlations between the number of earthquakes per month (N) and the monthly accumulated rainfall (R) before and after the Chi-Chi earthquake (in log-scale). Before the Chi-Chi earthquake, the correlation is low, with a slightly negative coefficient of -0.18; the N-R relationship is logN = 2.049 -0.156logR. Thus, earthquake activity was only slightly associated with heavy rainfall during this period. In contrast, after the Chi-Chi earthquake, the correlation is high, with a positive coefficient of +0.72; the N-R relation is logN = 2.124 -0.333logR. Thus, after the Chi-Chi earthquake, during periods of heavy rainfall, earthquake activity increased. These results, covering the period 1995-2012, include activity both before and after the Chi-Chi earthquake. The Chi-Chi earthquake may have created significant changes in crustal stress and strain conditions, allowing rainfall to trigger small ordinary earthquakes. Two ordinary earthquakes occurred on 31 August 2012 and 16 January 2013, and may have been associated with rainfall (Figs 2 and 3 , respectively). Figures 2 and 3 suggest a potential connection between rainfall and these two earthquakes because the epicentres of both earthquakes are located near or in areas of large accumulated rainfall values.
DISCUSSION
The Chi-Chi earthquake may have resulted in crustal changes in stress and strain conditions throughout Taiwan, forming some blind faults (Tsou et al. 2011) and causing existing faults to become unlocked. Such a situation may have then allowed rainfall to trigger earthquakes. Previous results indicate the high likelihood of rainfall-induced earthquakes due to the creation of non-rigid layers after the Chi-Chi earthquake. The true cause is arguable, but some possible reasons were Fig. 1 Relationship between the number of the earthquakes in a month (N) and the monthly accumulated rainfall (R), and the results of the χ 2 test for the information in Tables 1 and 2 . Circles (blue) and crosses (red) indicate the N-R relationships before and after the Chi-Chi earthquake, respectively. The lines through the circles and crosses represent the best-fit N-R relationships before and after the Chi-Chi earthquake: logN = 2.049 -0.156logR and logN = 2.124 -0.333logR, respectively; the 95% confidence interval is also shown. discussed in the "Introduction". One potential cause is worth mentioning, i.e. variations in groundwater level and pressure due to rainfall (Saar et al. 2003 , Yeh et al. 2008 . Water from rainfall may change groundwater and pressure levels near faults, while simultaneously inducing stress variation near faults, thereby triggering earthquakes. Ma et al. (2012) have confirmed that water pressure variation near faults could trigger earthquakes in Taiwan. However, their explanation was applied in the case of very shallow rainfall-triggered earthquakes. It does not satisfactorily explain deeper rainfall-triggered earthquakes. However, stress variations in shallow layers may have the potential to cause stress redistribution in deeper layers, thereby leading to certain variations in conditions that satisfy the principle of Mohr-Coulomb failure (such as the stress equilibrium condition is altered), and so trigger deeper earthquakes (Saar and Manga 2003, Hainzl et al. 2006) . Such an explanation is debatable because it is not easy to validate this triggering mechanism through instrumentbased measurement. Thus, the true cause remains unknown and is a topic for future research. In this study, the statistical approach indicated that, in Taiwan, heavy rainfalls and earthquakes have a statistical relationship, and this was particularly true for the period after the Chi-Chi earthquake.
CONCLUSIONS
This study found that the correlations between rainfall and earthquake activity before and after the Chi-Chi earthquake were significantly different. It is possible that the Chi-Chi earthquake created changes in crustal conditions suitable for subsequent rainfall-triggered earthquakes. Heavy rainfall may have triggered two particular earthquakes that were observed in this study.
